NR2A Ϫ/Ϫ mice, whereas NR2C Ϫ/Ϫ mice exhibited no defipressing NMDA receptors without the large intracelluciencies (Sakimura et al., 1995; Ebralidze et al., 1996 ; lar C-terminal domain of any one of three NR2 subunits Kadotani et al., 1996) . phenotypically resemble mice made deficient in that It is believed that the primary cause for the phenotype particular subunit. Mice expressing the NR2B subunit of mice lacking a particular subtype or all NMDAR subin a C-terminally truncated form (NR2B ⌬C/⌬C mice) die types is the absence of the receptor-mediated slow synperinatally. NR2A
⌬C/⌬C mice are viable but exhibit imaptic current component and Ca 2ϩ entry evoked by glupaired synaptic plasticity and contextual memory.
tamate. However, it is unknown how transient elevations in Ca 2ϩ concentration at the intracellular face of the NMDAR channel trigger the cellular responses for modu- 7 To whom correspondence should be addressed.
lating synaptic strength. NMDARs may themselves par-8 Present address: CNS Research, Troponwerke GmbH and Co. KG, ticipate via intracellular sequences (Kornau et al., 1995;  Neurather Ring 1, 51063 Cologne, Germany. 9 Present address: S.I.F.I.S.p.A., Via Ercole Patti 36, 95020 Catania, Ehlers et al., 1996; Niethammer et al., 1996) in the forma- responses (Bading et al., 1993; Bito et al., 1997 of the NR2 subunits, we altered the NR2A, NR2B, and NR2C gene loci in the mouse to achieve C-terminal trunexpressed at comparable levels. For NR2B and particularly for NR2C, the expression of the truncated form cation. This does not interfere with the formation of gateable receptor channels in vitro (Kö hr and Seeburg, was reduced ( Figure 2B ). Regarding the mRNAs for the altered subunits, neither levels nor patterns of expres-1996; unpublished data). We observed that mice expressing these truncated NR2 manifested a striking phesion appeared to differ from wt, as judged by in situ hybridization ( Figure 2C ). notypic resemblance with mice not expressing the subunits at all. Thus, both genetic paradigms independently lead to the functional ablation of NMDAR subtypes.
NR2B ⌬C/⌬C Mice Die Perinatally Of the three homozygous NR2
⌬C/⌬C lines, NR2B ⌬C/⌬C mice exhibited the most severe phenotype, with death ocResults curring shortly after birth, as reported for NR2B Ϫ/Ϫ mice (Kutsuwada et al., 1996) . Because NR1/NR2B channels Mice Expressing C-Terminally Truncated NR2 Subunits are essentially the only NMDARs in the forebrain of newborn rodents Monyer et al., 1994) , We constructed mice that express NMDAR subunits lacking a large intracellular C-terminal receptor domain we recorded NMDA-evoked currents in nucleated patches of hippocampal CA1 cells in brain slices from newborn by replacing in embryonic stem (ES) cells the C-terminal exons of the NR2A, NR2B, and NR2C subunit genes (P0) NR2B ⌬C/⌬C and wt animals ( Figure 2D ). The currents, when recorded from the mutant but not from the wt, with the neomycin phosphotransferase (neo) gene preceded by in-frame translational stop codons (Figure 1) . desensitized in the prolonged presence of NMDA ( Figure  2D ), indicating that NR1/NR2B⌬C channels were indeed Western blot analysis of whole-brain protein from heterozygous and homozygous animals documented the expressed in NR2B ⌬C/⌬C mice. Desensitization to NMDA was also observed for the recombinantly expressed expression of the truncated NR2 subunits (Figure 2A ). Antibodies (Laurie et al., 1997) against the N-terminal NR1/NR2B⌬C channel but was negligible when the natural ligand L-glutamate was the agonist (data not shown). domain detected the truncated NR2A⌬C, NR2B⌬C, and NR2C⌬C proteins, whereas antibodies against the The current amplitudes for the mutant were about half those of wt animals, in accordance with the apparent C-terminal domain of the full-length NR2 subunits demonstrated absence of the wild-type (wt) subunits in reduction in NR2B⌬C subunit levels ( Figure 2B ). We could not compare NMDAR levels in the two genotypes homozygous NR2A ⌬C/⌬C , NR2B ⌬C/⌬C , and NR2C ⌬C/⌬C mice ( Figure 2B ). Judging from the intensity ratio of full-length by normalizing NMDA currents to AMPA currents, owing to variable current ratios, also in wt mice of this age to truncated subunits in the respective heterozygous mutant mice, the truncated and wt NR2A subunits were (data not shown). Because heterozygous NR2B deficient animals with a 2-fold reduction in this subtype are viable 161% Ϯ 17 % of the pretetanic control value at 30 and 60 min after tetanization, respectively ( Figure 3C ). In (Kutsuwada et al., 1996) , the lethal phenotype of NR2B ⌬C/⌬C mice might be caused by impaired intracellular signaling slices from mutant mice (n ϭ 19), the potentiation of the synaptic response was markedly reduced to values due to the missing intracellular receptor domain.
below our LTP criteria of 120% (119% Ϯ 6%, 30 min; 106% Ϯ 8%, 60 min) ( Figure 3C ). Synaptic transmission NR2A ⌬C/⌬C Mice Exhibit Altered Synaptic Functions in the control pathway was unchanged ( Figure 3B ). LTP Altered Hippocampal LTP was present in 17 of 19 experiments in slices from wt Homozygous NR2A knock-out mice exhibit reduced hipanimals and in 4 of 19 slices from the NR2A ⌬C/⌬C mice pocampal LTP and deficiencies in spatial learning (Saki-( Figure 3D ) at 45 min after tetanization. mura Ito et al., 1996) . Homozygous NR2A
⌬C/⌬C
To see whether the high-frequency train for inducing mice were also viable. In slices from 3-months-old mu-LTP was of the same size in the two groups of animals, tants, there was a considerable reduction of LTP in CA1 the voltage integral of the summed epsps produced by when compared to their wt litter mates. Tetanic stimulatetanization was taken as an index. We could not detect tion (100 Hz) produced a robust LTP in slices (n ϭ 19) any difference between the voltage integrals from the from wt mice. The field excitatory postsynaptic potential (epsp) slope was 163% Ϯ 11% (mean Ϯ SEM) and two groups (p Ͼ 0.1, two-tailed t test). ⌬C/⌬C mouse measured by whole-cell patch clamp. The slow component showed a negative slope conductance at holding potentials negative to Ϫ30 mV and a linear current-voltage relation between Ϫ30 and ϩ30 mV. Inset: EPSC at Ϫ50 mV recorded before and during APV (50 M) application in a CA1 pyramidal neuron of an NR2A ⌬C/⌬C mouse. The third trace is the difference between the traces (NMDAR-mediated EPSC). Dotted areas, time windows for measurement of peak and slow components, respectively. (F) The NMDAR-mediated current in relation to the peak current in CA1 pyramidal cells of wt and NR2A ⌬C/⌬C mice. Peak amplitude (mainly AMPA component) and amplitude after 50 ms (NMDA component) of the elicited synaptic current were measured at holding potentials between Ϫ30 and ϩ30 mV. The NMDA slope conductance was expressed as a fraction of the peak slope conductance. Horizontal bars, median of this fraction for wt and NR2A ⌬C/⌬C mice.
To elucidate a mechanism for the reduction of LTP in and was blocked by 50 M APV, as expected for an NMDA current ( Figure 3E ). We assessed the NMDA comthe mutant mice, we compared the relative magnitude of the NMDAR-mediated synaptic current in slices from ponent from the slope conductance at 50 ms between Ϫ30 and ϩ30 mV and expressed it as a fraction of the mutant and wt mice. Excitatory postsynaptic currents (EPSCs) elicited by stratum radiatum stimulation were peak conductance ( Figure 3F ). The data were normalized to the peak conductance and were pooled across recorded during voltage-clamp of CA1 pyramidal cells with the whole-cell patch-clamp technique. A fast and animals of the same group. We detected no significant difference in these fractions of the two groups of animals slower component were distinguished in the evoked EPSCs of both wt and mutant animals ( Figure 3E ). The [wt, mean Ϯ SD: 0.52 Ϯ 0.14 (n ϭ 19); mutant, 0.46 Ϯ 0.14 (n ϭ 19); p Ͼ 0.1, t test] ( Figure 3F ). Thus, a change fast component, measured at its peak, showed a linear current-voltage relation and was blocked by 10 M in the NMDA component can not account for the reduction of LTP in the mutant mice. This indicates that CNQX, consistent with an AMPA receptor-mediated current. The slow component, measured at 50 ms, was NMDARs with C-terminally truncated NR2A subunits participate in synaptic transmission to the same extent linear positive to Ϫ30 mV, showed negative slope conductance for holding potentials negative to Ϫ30 mV, as the wt receptors. Hence, in contrast to the NR2A ⌬C/⌬C mice (A) was monitored by number of stimulation-induced afterdischarges triggering three consecutive clonic motor seizures for wt (11.9 Ϯ 1.7 stimulations, n ϭ 8) and NR2A
⌬C/⌬C mice (28.5 Ϯ 3.7 stimulations, n ϭ 8) (t test, p Ͻ 0.001). The sprouting of dentate granule cells mossy fiber axons in supragranular region (B) was measured by the Timm index for wt (n ϭ 4) and NR2A 
deficient mice in which LTP reduction is due to the ab-
Impaired Contextual Fear Conditioning When tested for step-down avoidance ( Figure 5A ), a sence of the NR1/NR2A subtype (Sakimura et al., 1995) (Goddard et al., 1969; McNamara, 1988; , accompanied by lasting synaptic reorganipeated measures interaction: F[4,70], 6.81; p Ͻ 0.01). Newman-Keuls posthoc tests showed that latencies for zation (Sutula et al., 1988; was impaired in the NR2A ⌬C/⌬C mice. This was evident from the greater than wt were significantly greater than those for NR2A ⌬C/⌬C or NR2A/C ⌬C/⌬C mice, but there was no difference be-2-fold increase in the number of stimulations required to achieve kindling criterion (28.5 Ϯ 3.7; n ϭ 8 versus tween the mutants (p Ͼ 0.05). The mean step-down latency at a 1 min test was 76 s for wt, 17 s for NR2A ⌬C/⌬C , 11.9 Ϯ 1.7; n ϭ 8; t test, p Ͻ 0.001) ( Figure 4A ). The defect in functional plasticity was accompanied by a and 23 s for NR2A/C ⌬C/⌬C mutant mice. For the 24 hr test, the mean step-down latency was 113 s for wt, 26 s defect in structural plasticity, as evident in significant reductions of kindling-induced mossy fiber sprouting in for NR2A
⌬C/⌬C
, and 41 s for NR2A/C ⌬C/⌬C mutants ( Figure  5A ). Prior to shock, there was no statistically reliable the NR2A ⌬C/⌬C mice compared to wt mice; the Timm index, a measure of mossy fiber sprouting, increased difference in the baseline step-down latencies between the three groups. During shock, animals from all three almost 3-fold following kindling of the wt mice but only 2-fold in the NR2A ⌬C/⌬C mice ( Figure 4B ). The smaller groups vocalized and jumped, suggesting that there was no observable difference in pain perception. increase in kindling-associated mossy fiber sprouting in the mutant mice ( Figure 4D ) occurred despite a Impaired Motor Coordination NR2A subunit containing NMDARs are expressed along 2-fold greater duration of electrographic seizure that accompanied kindling development in the NR2A ⌬C/⌬C comwith NR1/NR2C receptors in adult cerebellar granule cells, which participate in controling motor behavior (Tapared to wt mice (NR2A
, 1208 Ϯ 107 s; wt, 613 Ϯ 32 s) ( Figure 4C ). No differences between unstimulated kahashi et al. , 1996) . NR2A mice tested on a rotarod and on a thin stationary plexiglass rod displayed an wt and NR2A ⌬C/⌬C mice were evident in the morphology of the dentate gyrus in either Nissl stains, Timm stains impairment in motor coordination. Mice expressing NR2A⌬C subunits exhibited averaged retention times (data not shown), or Timm index ( Figure 4B ). Likewise, no differences were detected in the current required to on the rotarod of one-half and, on the stationary rod, one-tenth of their wt litter mates ( Figures 5B and 5C ). induce the initial electrographic seizure, arguing against alterations in the excitability of neurons in the amygdala.
Moreover, when put in water for the first time, the mutants could not maintain axial balance ( Figure 5D ). All Thus, despite the presence of the full-length NR2B subunit, the C-terminal truncation of the NR2A subunit imbalance deficits were mimicked by double homozygous NR2A/C ⌬C/⌬C mutants but not by NR2C ⌬C/⌬C mice (see paired NMDAR-mediated signal transduction.
(17 Ϯ 6 s, n ϭ 6), as compared to wt animals (38 Ϯ 10 s; n ϭ 6) ( Figure 5C ). The finding that the NR2C mutants are impaired in stationary balance but not on a moving rod can be explained by the different rod surfaces. The plexiglass rod is slippery, whereas the rotarod contains a textured surface. Thus, the phenotype resulting from loss of NR2C subunit function, which was not described by other investigators, might reflect a defect in finetuning of motor coordination.
Cerebellar NMDARs with C-Terminally Truncated NR2 Subunits Are Associated with PSD-95 and Are Synaptically Activated Adult cerebellar NMDARs are defined in subunit composition (Takahashi et al., 1996) . Immunoblot analyses in wt and NR2A/C ⌬C/⌬C mice documented that in both genotypes, adult cerebellar granule cells only express the NR1/NR2A and NR1/NR2C subtypes ( Figure 6A ). The mutant mice exhibited reduced cerebellar NR1 levels, possibly owing to partial degradation. C-terminally truncated NMDARs may not be complexed appropriately with other proteins, which could render them targets for proteolytic processing. Notably, coimmunoprecipitations showed association between NR1 and truncated NR2C subunits as well as between truncated NMDARs and the postsynaptic protein PSD-95 ( Figure 6A ). Association of these truncated receptors with PSD-95 might be indirect or mediated directly by a cerebellar NR1 splice form (Laurie et al., 1995) that can bind PSD-95 (Kornau et al., 1995) . Figure 6C ), perhaps unexpected times on accelerated rotarod for wt (n ϭ 11), NR2A ⌬C/⌬C (n ϭ 11), from the reduced cerebellar NR1 and NR2C levels in
⌬C/⌬C mice, first swimming experience.
the double mutant. Further, the NMDA antagonist APV reversibly blocked the Ca 2ϩ transients in both experimental groups (Figures 6C and 6D) . Although voltagebelow), indicating dominance of the truncated NR2A gated Ca 2ϩ channels activated by the excitatory synsubunits. This is unexpected from the lack of motor aptic potential generated in granule cells might have deficits in NR2A Ϫ/Ϫ mice (Kadotani et al., 1996) and sugcontributed to the observed Ca 2ϩ transients, it is evident gests that, at least with respect to cerebellar circuits, that in NR2A/C ⌬C/⌬C mice, the NMDA channels with more severe consequences result from truncation than C-terminally truncated NR2 subunits can be activated ablation of NR2A subunits.
by synaptic inputs and are therefore, at least in part, localized in synapses.
Balance Deficits in NR2C
⌬C/⌬C Mice The NR2C subunit is the NMDAR subtype most highly expressed in cerebellar granule cells. We generated Discussion NR2C ⌬C/⌬C and NR2C Ϫ/Ϫ mice to perform a comparative analysis of NR2C truncation with null mutant. No loco-
The phenotypes of mice expressing three distinct NMDAR subtypes with truncated intracellular C-terminal domotor defects were observed in these mice when monitoring normal movement and retention times on a romains of the subtype-specific NR2 subunits revealed a physiological significance for these domains equal to tarod ( Figure 5B ), in agreement with Kadotani et al. (1996) and Ebralizde et al. (1996) . However, when balthat of the respective NMDAR subtypes themselves. Truncation in the embryonically expressed NR1/NR2B ance behavior was analyzed on a thin stationary plexiglass rod, we recorded a more than 2-fold reduction in subtype led to perinatal death, as previously reported for the genetic ablation of NR2B (Kutsuwada et al., 1996) . the retention time of both NR2C Ϫ/Ϫ and NR2C ⌬C/⌬C mice Early death may reflect the nonfunctionality of brainmotor coordination not observed in animals lacking NR2A expression (Kadotani et al., 1996) . We surmise stem synapses supporting autonomic functions in the newborn (Forrest et al., 1994; Li et al., 1994) . Upon that cerebellar NMDARs with truncated NR2A subunits trigger abnormal cellular processes. Finally, the largely C-terminal truncation of the postnatally expressed NR1/ NR2A subtype, deficits became manifest in synaptic cerebellar-specific NR2C receptor, when C-terminally truncated, led to a mild deficit in balance behavior, also plasticity and synaptic reorganization when recording hippocampal LTP (Collingridge and Bliss, 1995) and observed by us upon genetic ablation of this subtype. The similarity in phenotype of ablated and C-termiwhen employing the kindling model of epilepsy (Goddard et al., 1969; McNamara, 1993) . Furthermore, these nally truncated NMDARs is unexpected, considering that receptors containing C-terminally truncated NR2 mutant mice were impaired in fear conditioning, which depends on hippocampal function. Other genetically subunits form cation selective channels gated by glutamate. With the exception of NR1/NR2A⌬C, which exhibmodified mice with deficits in hippocampal LTP also show impairment in contextual fear conditioning (Abel its an increased rate of desensitization (Kö hr and Seeburg, 1996) in the prolonged presence of glutamate, et al., 1997). The strong effect of NR2A truncation in these experimental paradigms might indicate that the these truncated channels display comparable gating and cation permeability properties as their full-length NR1/NR2A subtype with its characteristically narrow window of coincidence detection (Monyer et al., 1994) forms in vitro (unpublished data). An increase in the rate of desensitization may have contributed to the mutant subserves synaptic plasticity to a greater extent than the NR2B subtype, which is coexpressed with the NR2A phenotype but is unlikely to have generated the striking similarity to the NR2-deficient mice. subtype in principal forebrain neurons. Moreover, C-terminal truncation of NR2A generated distinct deficits in Two explanations may account for the congruence in phenotype. For one, C-terminal truncation might preto disruption of cellular signaling pathways (Kornau et al., 1997; Tsunoda et al., 1997) , perhaps analogous to clude synaptic targeting, leading to a lack of glutamatetriggered synaptic Ca 2ϩ influx into the postsynaptic our mouse models. Furthermore, preventing the interaction of ion channels with their PDZ-domain proteins may neuron. This explanation is not compatible with our electrophysiological data. We did not visualize synaptic lower the stability and half-life of the signaling components (Tsunoda et al., 1997) . NMDAR subtypes by high-resolution immunocytochemistry, because the only NR2 antibodies successfully
In conclusion, we have shown that the intracellularly located C termini of the NR2 subunits are indispensused in such analyses are directed against the C-terminal domain (Hartveit et al., 1994; Petralia et al., 1994) .
able for the physiological functionality of the respective NMDAR subtypes. The controlled gating of the integral, However, no reduction in the slow component of hippocampal EPSCs was observed in NR2A ⌬C/⌬C animals, in Ca 2ϩ ion-preferring channel appears to be only one facet of the elaborate functional design of this receptor. A contrast to the considerable reduction of this component in NR2A Ϫ/Ϫ mice (Sakimura et al., 1995) . Furthercritical facet is contributed by intracellular receptor domains, which may mediate interaction of the ion channel more, synaptic NMDAR-mediated Ca 2ϩ transients, as measured with fluorometric recordings in cerebellar with components transducing the synaptically evoked Ca 2ϩ signal. The molecular characterization of these slices of doubly homozygous NR2A/C ⌬C/⌬C mice, were of a comparable magnitude as those in age-matched components should be rewarding. wt animals.
The second explanation, more compatible with our postsynaptic density, binds itself tightly to the C terminus of NR2B, and probably also NR2A, and phosphory-
Targeting Vectors
lates these subunits (Omkumar et al., 1996) . Moreover,
The murine NR2A, NR2B, and NR2C genes were sequence-modified tyrosine residues are phosphorylated in the C- As indicated by genetic evidence in Drosophila and C.
gene.
elegans, interfering with the interaction of receptors and
Prior to ES cell transfection, pTVNR2A⌬C, pTVNR2B⌬C, pTVNR-2C⌬C, and pTVNR2C
Ϫ were linearized at unique SrfI, KpnI, SacI, and channels with their cognate PDZ-domain proteins leads
NotI sites located at the 5Ј end of the short arms of the respective Protein A-sepharose beads (15 mg, Pharmacia) washed in RIPA buffer were added to supernatant, and after 5 hr, beads were coltargeting vectors.
lected by centrifugation, washed 5 times with RIPA buffer, boiled for 10 min in SDS-sample buffer, and pelleted (8000 ϫ g, 10 min).
Electroporation and Selection of ES Cells
Proteins in supernatants were resolved by 6% SDS-PAGE and anaThe endogenous NR2 genes were manipulated by electroporation lyzed. of R1 passage 9 ES cells as described (Brusa et al., 1995) . Clones
For isolation of NMDAR/PSD-95 complexes, a cerebellum was identified by PCR as positive for homologous recombination were homogenized (20 passes in 3 ml DOC extraction buffer, containing genotyped by Southern blot analysis with three independent probes.
(in mM) 50 Tris HCl [pH 9.0], 50 NaF, 1 vanadate, 0.02 ZnCl2, and In brief, for the NR2A locus, genomic DNA was digested with EcoRI 1% w/v Na-deoxycholate; 20 g/ml PMSF; 10 g/ml of both aprotiand probed with a 5Ј internal probe (360 bp, PstI fragment, M4 nin and leupeptin). Extracts were cleared (356,000 ϫ g, 15 min, region) and a 3Ј internal probe (1.2 kb Pst fragment, C-terminal 4ЊC) and supernatants used for immunoprecipitations. The PSD-95 exon), digested with HindIII, and hybridized with a neo probe. For antibody, pAb138, an NR2C N-terminal antibody (Molecular Probes), the NR2B locus, genomic DNA was digested with SacI and hybridand the NR1 monoclonal antibody 54.1 were used for immunoblots. ized with a 5Ј external probe (0.9 kb HindIII-SacII fragment), cut pAb138 and an NR1-specific antibody (Chemicon) were used for with XbaI and hybridized with an internal probe (0.7 kb EcoRI-XhoI immunoprecipitation. fragment), and cut with SpeI and hybridized with a 3Ј external probe (0.6 kb HindIII-SacII fragment). For the NR2C locus, DNA was digested with EcoRI and hybridized with a 5Ј external probe (1 kb Nucleated Patch Recordings EcoRI-HindIII fragment), a 3Ј external probe (0.4 kb SacI-SalI fragTransverse hippocampal 300 m slices were cut from brains of ment), and the neo probe (0.8 kb EcoRI/BssHII fragment). For the newborn NR2B ⌬C/⌬C and wt mice. CA1 pyramidal cells were identified NR2C Ϫ allele in knock-out mice, genomic EcoRI-digested DNA was by infrared differential interference contrast video microscopy (Stuanalyzed with a 3Ј external probe (0.4 kb SacI-SalI fragment) and, art et al., 1993) . Current recordings were performed from nucleated after digestion with BssHII, with a 5Ј external probe (0.3 kb KpnIpatches (Sather et al., 1992 ) with a piezo-controlled fast application BamHI fragment) and the neo probe.
system (Koh et al., 1995) .
PCR Analysis LTP Recordings Genomic DNA was isolated from ES cell clones. Homologous tar-
The experiments were performed in CA1 of hippocampal slices pregeting events were detected by nested PCR (Nitschke et al., 1993) .
pared from 3-month-old male mice. The brain was removed and NR2A ⌬C : 5Ј-primers, rsp26 and rsp25, complementary to an NR2A cooled to 0ЊC-4ЊC in artificial cerebrospinal fluid (ACSF) in mM: NaCl gene region not in the targeting vector; 3Ј primers, rsptk1 and 124; KCl 2; KH2PO4 1.25; MgSO4 2; CaCl2 2; NaHCO3 26; glucose 10; rspneo1, complementary to the TK promoter region of the neo casbubbled with 95% O 2/5% CO2 (pH 7.4). Transverse slices (400 m) sette. A nested PCR product of 0.8 kb indicated homologous tarfrom middle portion of hippocampus were cut with a vibraslicer in geting. NR2B ⌬C : the first primer pair in the nested PCR was 2b51 4ЊC cold ACSF, placed in an interface chamber at 30ЊC-32ЊC, and (outside) and rsptk1; the second pair was 2b52 (outside) and 2b2b; exposed to humidified gas. product, 1.3 kb. NR2C ⌬C : outside primers, bs22, rspneo4; inside Orthodromic synaptic stimulation (50 s, 9-100 A, 0.33 Hz) was primers, bs22, rspneo2; product, 0.8 kb. NR2C Ϫ : outside primer delivered alternately through two tungsten electrodes: one in straset, bs11 and rspneo4; inside primer set, bs61 and rspneo2; DNA tum radiatum, and the other in stratum oriens. Extracellular reproduct, 1 kb. For maintenance of mouse lines, tail DNA was genosponses were monitored by two glass electrodes (filled with 3 M typed (see Figure 1) . NaCl) placed correspondingly. After stable synaptic recordings in both pathways for at least 15 min, the radiatum pathway was tetaIn Situ Hybridization nized (100 Hz, 1 s). The tetanic stimulation strength was just above In situ hybridization on horizontal mouse brain cryostat sections (20 the threshold for generation of a population spike in response to m) was performed as described (Monyer et al., 1994) . Antisense a single test stimulus. Synaptic strength was assessed from the oligonucleotides for NR2A, NR2B, and NR2C mRNAs were mnr2ais, radiatum synaptic response by measuring the slope of the field epsp NR2Bcarlais, and S45.
in the middle third of its rising phase. Ten consecutive responses (1 min) were averaged and normalized to the mean value obtained Western Blot Analysis 4-7 min prior to tetanic stimulation. Data were pooled across animals Brains were homogenized at 4ЊC in lysis buffer ([in mM]: 320 sucrose, of same genotype. 10 EDTA, 100 phenylmethylsulfonylfluoride [PMSF], 20 leupeptin).
For measurement of EPSCs, slices without CA3 were transferred Cell nuclei were removed (1000 ϫ g, 15 min) and enriched membrane to a submerged recording chamber at 20ЊC-24ЊC and bicuculline proteins collected (25,000 ϫ g, 15 min). Pellets were washed in (in methochloride (10 M) was included in the ACSF. In some experimM) 50 Tris HCl (pH 8.0), 10 EDTA, and 100 PMSF; repelleted (25,000 ϫ ments, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 M) or g, 15 min); resuspended in same buffer; and 30 g of this membrane 2-amino-5-phosponovaleric acid (APV, 50 M) was added to the protein was denatured in SDS loading buffer and resolved by SDS-ACSF. Afferent fibers were activated at 0.2 Hz through a stimulation polyacrylamide gel electrophoresis (PAGE) (NR2A, 10% PAGE; electrode placed in stratum radiatum. Whole-cell patch-clamp re-NR2C and NR2B, 6%). Proteins were transferred (Electroblotter, cordings of EPSCs were made during voltage clamp of CA1 pyramiBiometra) onto nitrocellulose membrane (Protran BA 85, Schleicher dal cells at different holding potentials with an Axopatch-1D ampliand Schuell), and filters were incubated overnight in TBS buffer fier. Patch pipettes (borosilicate glass, resistance of 7-9 M⍀) were (phosphate-buffered saline; Tween, 1%; bovine serum albumin, filled with (in mM): CsCl 140; Mg-ATP 2; GTP 0.3; EGTA 0.2; HEPES 10%) containing mouse monoclonal antibodies (Boehringer Mann-10 (pH 7.2, adjusted with NaOH). Series resistance ranged from heim) to NR2 subunit N-terminal (NR2A, antibody 2H9.24A6; NR2B, 18-28 M⍀. Peak amplitude and amplitude after 50 ms of EPSC were 1A8.9B3; NR2C, 1E3.10A4) or C-terminal (NR2A, 2F6.3D5; NR2B, measured at holding potentials between Ϫ100 and ϩ50 mV. Slope 1C6.5C4; NR2C, 1G2.18B5) epitopes at appropriate dilutions (Laurie conductances were estimated for holding potentials between Ϫ30 et al., 1997). After washing in TBS buffer, filters were incubated in and ϩ30 mV. horseradish-peroxidase anti-mouse Ig (Amersham) and developed (ECL, Amersham).
The NR2B subunit was enriched by immunoprecipitation prior to Kindling and Mossy Fiber Sprouting Adult mice (20-36 g) underwent implantation of a bipolar stimulatingimmunoblotting. Brain membrane protein (200 g) was resuspended in PBS, 0.7% SDS; boiled for 10 min; and transferred to 0.5 ml RIPA recording electrode in the right amygdala. The electrographic seizure threshold was determined by application of a 1 s train of 60 buffer, containing (in mM) 10 Tris HCl (pH 7.4), 1 EDTA, 150 NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS. The first Hz, 1.0 ms biphasic rectangular pulses beginning at 40 mA at 1 min intervals until an electrographic seizure of at least 3 s was observed. anti-NR2B antibody (1A8.9B3) was added at 1:50 dilution. The mixture was incubated (4ЊC, 16 hr) and cleared (8000 ϫ g, 20 min; 4ЊC).
Seizures were classified according to Watanabe et al. (1996) and criterion for kindling was three consecutive class-4 or class-5 seiAkazawa, C., Shigemoto, R., Bessho, Y., Nakanishi, S., and Mizuno, N. (1994) . (1996) . SH2 Contextual Fear Conditioning and SH3-containing adaptor proteins: redundant or independent Mice underwent step-down (inhibitory) avoidance training in which mediators of intracellular signal transduction. Genes Cells 1, the animals must remember that prior stepping off a safe platform 595-613. resulted in a foot shock. Each mouse was placed on a 9 cm diameter Bito, H., Deisseroth K., and Tsien R.W. (1997) . Ca 2ϩ -dependent reguplatform that was elevated 1.5 cm from the grid floor of the experilation in neuronal gene expression. Curr. Opin. Neurobiol. 7, mental chamber (21 ϫ 23 ϫ 26 cm; Ralph Gerbrands Company, 419-429. Arlington, MA). Five seconds after stepping down (all four paws on the grid) the animal received a single foot shock (3 s, 0.3 mA) and Brusa, R., Zimmermann, F., Koh, D.-S., Feldmeyer, D., Gass, P., was returned to the homecage. After 1 min, the subject was again Seeburg, P.H., and Sprengel, R. (1995) . Early-onset epilepsy and measured; maximum time on platform was 3 min. The procedure postnatal lethality associated with an editing-deficient GluR-B allele was repeated 24 hr later. White noise was present through all training in mice. Science 270, 1677-1680. and testing trials. Burbelo, P.D., and Hall, A. (1995) . 14-3-3 proteins. Hot numbers in signal transduction. Curr. Biol. 5, 95-96.
Motor Coordination
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